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Variation in the detection, signaling, and repair of DNA damage contributes to human cancer risk. To assess ca
modulate endogenous DNA damage among radiologic technologists who had been diagnosed with breast cancer a
malignancy (breast-other,n= 42), early-onset breast cancer (early-onset, age≤35; n= 38), thyroid cancer (n= 68), long-lived
cancer-free individuals (hyper-normals,n= 20) and cancer-free controls (n= 49) we quantified DNA damage (single stra
breaks and abasic sites) in untreated lymphoblastoid cell lines using the alkaline comet assay. KometTM software provided come
tail length, % DNA in tail (tail DNA), comet distributed moment (CDM), and Olive tail moment (OTM) summarized a
geometric mean of 100 cells. Category cut-points (median and 75th percentile) were determined from the distributio
controls. Tail length (for≥75% versus below the median, age-adjusted) was most consistently associated with the high
ratios in the breast-other, early-onset, and thyroid cancer groups (with risk increased 10-, 5- or 19-fold, respectively,
confidence intervals) and decreased risk among the hyper-normal group. For the other three comet measures, risk of b
was elevated approximately three-fold. Risk of early-onset breast cancer was mixed and risk of thyroid cancer ranged fr
a two-fold increase. The hyper-normal group showed decreased odds ratios for tail DNA and OTM, but not CDM. DNA
as estimated by all comet measures, was relatively unaffected by survival time, reproductive factors, and prior radiation
We detected a continuum of endogenous DNA damage that was highest among cancer cases, less in controls, and s
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lowest in hyper-normal individuals. Measuring this DNA damage phenotype may contribute to the identification of susceptible
sub-groups. Our observations require replication in a prospective study with a large number of pre-diagnostic samples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There is considerable evidence that individual vari-
ation in the detection, signaling, toleration, and repair
of DNA damage (from internal and external exposures
and intrinsic instability of DNA) contributes to human
cancer risk (reviewed in[1–6]). Several studies (with
sample sizes in excess of 20 cases and 20 controls) have
reported increased breast[7,8] and bladder[9] cancer
risks associated with higher DNA damage measured by
the comet assay[10]. In these studies elevated endoge-
nous damage and post-mutagen challenge damage lev-
els were associated with increased cancer risk. These
results indicate that elevated endogenous damage is
itself a risk factor, and are consistent with the notion that
measures of endogenous damage are correlated with
damage repair capability after an exogenous challenge.

We characterized risk of solid cancer associated
with ability to limit DNA damage from endogenous
DNA metabolic processes among persons with selected
malignancies, compared to controls by quantifying
single strand DNA breaks (SSB) and abasic sites of
untreated cell lines using the alkaline comet assay.

American Registry of Radiologic Technologists, initi-
ated a study of cancer incidence and mortality among
146,022 U.S. radiologic technologists who were certi-
fied for at least 2 years between 1926 and 1982. The
cohort members are predominantly female (73%) and
their current mean age is 55 years[14]. The study
has focused on cancers of the thyroid gland (pap-
illary histology) and the female breast as these tis-
sues are thought to be particularly radiation sensitive
[15].

2.2. Cancer confirmation and recruitment

Cancer(s) reported on a study questionnaire were
confirmed, and individuals were invited to provide a
peripheral blood sample. At that time, for the rare per-
sons with multiple cancers (including cancer of the
breast and a second primary cancer), early-onset breast
cancer (aged 35 or younger) and papillary thyroid can-
cer, a portion of the sample was used to create EBV
transformed lymphoblastoid cell lines. We sought to
establish a lymphoblastoid cell line resource of approx-
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the major endogenous source of genomic instability
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mately 50 cancer-free female controls were frequ
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to include non-melanoma skin cancer), and had not
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nvasive cancer in first-degree relatives. All the ca
nd controls were part of a larger, ongoing stud
ancer and other health outcomes among radio
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ose radiation from medical sources.

. Methods

.1. Study population

In 1982, the U.S. National Cancer Institute, in c
aboration with the University of Minnesota and
ndividuals as “hyper-normal”, akin to the naming c
ention used for similar selection strategies in rela
tudy designs[16] reasoning they may have a furth
ecrease in background cancer risk compared to

rols. All of the cases and controls provided inform
onsent and responded to a telephone interview
ollected current cancer risk factors and family his
f cancer. This study has been approved annual

he human subjects review boards of the National C
er Institute and the University of Minnesota. Stud
onducted at Lawrence Livermore National Labora
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(LLNL) have been approved annually by the LLNL
Institutional Review Board.

2.3. Samples

A lymphoblastoid cell line was prepared by Epstein
Barr virus transformation of peripheral blood lympho-
cytes obtained from each subject. All fresh samples
were successfully transformed and each line was cry-
opreserved. For this study, the samples were tracked
by a unique ID code, and investigators were blinded
to case-control and case-group status. Cell lines were
cultured in RPMI 1640 supplemented with 15% serum
(Fetal Clone III, HyClone, Logan, Utah) and 2 mM glu-
tamine prior to analysis. Aliquots of all cell lines were
cryopreserved at LLNL. The period of culture prior
to analysis varied among cell lines, from about 3 to 5
weeks, depending on the growth rate of the cell line and
the proportion of viable cells during early culture. For
quality assessment, replicate samples of five individu-
als were included, some in the same shipment, others
in separate shipments. In addition, 16 cultures were
repeated with personnel blinded to results of the first
assay.

2.4. Measurement of DNA damage

Cells were in exponential growth phase at the time of
assessment of DNA damage. Viability was determined
by Trypan blue dye exclusion. The alkaline comet
a rding
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at 0.92 V/cm with current adjusted to 300 mAmp for
25 min. The slides were washed in 0.4 M Tris, pH
7.5, placed for 5 min in cold methanol and allowed
to dry. Each slide was stained with ethidium bromide
(2�g/ml) for 5 min. Images of 50 cells on each of
two slides were captured and comet parameters deter-
mined using Komet4.0 ©: Image Analysis and Data
Capture software (Kinetic Imaging Ltd., Merseyside,
England). Four comet parameters were analyzed; the
definitions used by Komet4.0 are: “tail DNA” is the
percent of DNA (fluorescence) in the tail; “tail length”
is the length of the tail in micrometers, measured from
the leading edge of the head; comet distributed moment
(CDM), also referred to as comet moment[16], is the
moment of fluorescence of the whole comet and does
not distinguish head and tail; Olive tail moment (OTM)
is the percentage of DNA in the tail (tail DNA) times
the distance between the means of the tail and head
fluorescence distributions, where “mean” is the pro-
file center of gravity, divided by 100. Both CDM and
OTM are expressed in arbitrary units. All four parame-
ters describe the amount of endogenous DNA damage
and therefore high values are thought to correspond to
an increased amount of cellular DNA strand breakage
and/or alkali-labile sites.

2.5. Statistical analysis

We used the geometric mean of tail length, tail
DNA, CDM and OTM of 100 randomly selected
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ardened, the coverslip was removed and slides

reated in the dark at 4◦C with lysis buffer (1% Tri-
on X-100, 10% DMSO, 89% stock lysing solutio
.8 M NaCl, 0.1 M Na2EDTA, 0.01 M Trizma Base
t least overnight, then rinsed in 0.4 M Tris, pH 7
lides were then placed in the electrophoresis
nd covered with a fresh solution of 300 mM NaO
mM EDTA, final pH > 13.0, for 60 min. A split, ba
nced slide layout design was used (one slide
ach sample was in each of two rows, but in diffe
lectrophoresis runs) to attend to position effects
un-to-run variation. The slides were electrophore
ells per subject as a summary measure to reduc
nfluence of outliers. We assessed normality of
ubject-specific summary measures for each c
arameter and separately for case and control gr
y Kolmogorov–Smirnov tests and visual inspec
f the 20 quantile–quantile plots that were genera
omet values did not deviate from normality, exc

or CDM among the early-onset breast cancer and
reast cancer and other malignancy case group

or tail length among the thyroid case group, e
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ANOVA) was used to compare means of co
alues by various factors, including cell viability
ulture (determined by trypan blue dye exclusion),
hipment method (frozen cells or thawed and cult
efore shipment), laboratory first handling the fres
ollected blood sample (Frederick, MD or Manas
A), storage time, date the cells were scored, ag
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cases and controls at the time of blood collection,
time since first cancer diagnosis to blood collection
(cases only), history of radiation treatment for cancer
(cases only), gender (thyroid cases only), selected
reproductive variables (women only), and history of
cancer in first degree relatives.

The association between comet values and can-
cer risk was evaluated by calculating odds ratios and
95% confidence intervals based on logistic regression.
Comet values for tail length, tail DNA, CDM, and OTM
were divided into three categories based on the median
and 75th percentile of the respective distribution in the
control group. All models were adjusted for age in three
categories (40–54, 55–74, and 75 years or older), and
potentially confounding factors listed above (i.e. cell
viability, calendar time the cells were scored, etc.) were
evaluated by comparing comet value odds ratios when
each factor was or was not included in the model. We
found no meaningful change in the point estimates and
therefore did not include any of these factors in the final
model. Because there were no male controls, we also
analyzed the thyroid group excluding the male cases
(n= 9). We found no consequential alteration in the
point estimates and report the odds ratios with men
included. Tests for trend were adjusted for age and
based on the underlying continuous variable. All sig-
nificance tests were two sided andα was set at 0.05. The
Statistical Package for the Social Sciences version 12.0
(SPSS, Inc., Chicago, IL) was used for all analyses.

The coefficient of variation (CV) was calculated
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16 blinded repeats. InTable 2, the arithmetic means
and standard errors for the comet parameter tail length
are shown by categories of selected demographic and
descriptive characteristics. The means and standard
errors for the comet parameters tail DNA and OTM
by these characteristics were very similar to those for
tail length and are not shown. Although the distri-
butions of the CDM geometric means between case
and control groups differed from those of the other
parameter values (seeFig. 1), the CDM values did not
differ according to categories of the descriptive char-
acteristics and are also not shown. Nearly all of the
cases and controls were white (98.2%, data not shown)
and female (95.9%). Comet values did not increase
or decrease with age at the time of blood collection
(Table 2) except for tail length among those with thy-
roid cancer, however, the means did not differ by age
group (P= 0.39). Similarly, comet parameters did not
differ by the number of years between cancer diagnosis
and blood collection (cases only), radiation treatment
for cancer (cases only), and selected reproductive vari-
ables (data not shown). Tail length tended to marginally
increase in most groups as the number of first-degree
relatives with breast cancer and the number of can-
cers within individuals increased (nine persons had
three or more cancers, data not shown), but achieved
only borderline statistical significance (P= 0.07). His-
tory of chemotherapy did not affect the means of the
comet parameters, but the data obtained from medi-
cal records was incomplete (yes,n= 13; no,n= 16;
u rors
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s lab-
o ere
s

ric
m ls for
e own
i ed
t cer
c the
l ters
w
P tail
eparately for each comet parameter[17] among 5
linded replicate and 16 blinded repeated samples
Vs for tail DNA were 11.8 and 14.8%, for tail leng
ere 7.6 and 12.4%, for CDM were 2.6 and 6.8
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. Results

Individual comet results are presented inTable 1,
s are the results of the 5 blinded replicates and
nknown, n= 118). The means and standard er
parentheses) for tail length were 44.8 (1.7), 43.9 (
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Boxplots of the distributions of the geomet
eans of the comet parameters across 100 cel
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n Fig. 1. All the parameters, except CDM, tend
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ere highly correlated with each other (r2 ≥ 0.49,
< 0.001). However, CDM was not correlated with
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Table 1
Comet data for each subject in the control and case groups by ascending values of tail length and quality control result values for the blinded
replicates and blinded repeats

ID number Gender Age at time of
blood draw

Tail length Tail DNA Comet distributed
moment

Olive tail
moment

Groupa

144 F 45 15.4 6.7 17.6 1.5 Control
273 F 57 17.7 6.1 17.9 1.4 Control
29 F 43 17.8 11.9 20.8 3.5 Control
25 F 60 17.9 6.6 18.5 1.6 Control

129 F 60 23.1 6.9 19.4 1.8 Control
110 F 66 23.5 6.4 17.1 1.4 Control
132 F 74 23.9 7.6 19.0 1.7 Control
74 F 53 24.2 10.1 19.9 2.6 Control

261 F 42 24.3 7.7 18.1 1.7 Control
216 F 76 26.3 8.4 22.0 2.2 Control
15 F 42 27.5 10.4 20.6 2.7 Control
43 F 69 27.7 10.0 20.8 2.7 Control
16 F 53 27.7 8.5 18.0 2.2 Control

134 F 90 27.9 9.3 19.8 2.1 Control
81 F 53 28.0 6.3 18.5 1.8 Control
34 F 82 28.3 7.7 20.5 2.1 Control

213 F 48 29.3 9.8 19.9 2.2 Control
35 F 81 31.5 10.0 19.9 2.6 Control

249 F 71 31.6 8.7 19.1 2.1 Control
79 F 51 32.3 9.0 16.2 1.9 Control

235 F 62 32.6 9.6 20.3 2.3 Control
233 F 65 33.0 10.3 22.7 2.8 Control
88 F 50 33.1 9.9 18.8 2.5 Control
68 F 61 33.3 9.2 19.5 2.4 Control

154 F 43 33.3 12.6 20.8 3.2 Control
101 F 68 33.6 7.7 20.5 2.1 Control
165 F 83 34.3 9.5 20.5 2.6 Control
195 F 71 34.5 8.3 21.3 2.3 Control
24 F 86 36.0 6.9 17.4 1.7 Control
92 F 74 36.2 10.0 19.5 2.4 Control

223 F 82 36.6 8.7 18.1 2.1 Control
50 F 46 37.0 10.5 17.6 2.4 Control

136 F 79 37.6 9.4 18.6 2.2 Control
151 F 71 38.6 11.2 21.3 3.0 Control
240 F 51 39.6 9.5 17.7 2.5 Control
214 F 61 41.9 11.7 23.0 3.0 Control
118 F 64 43.3 12.4 19.7 3.1 Control

3 F 46 45.4 9.9 18.7 2.5 Control
172 F 50 47.3 10.7 19.2 2.9 Control
231 F 71 47.3 11.8 18.9 2.8 Control
126 F 54 47.5 11.0 19.8 2.8 Control
52 F 84 48.5 9.6 19.5 2.5 Control

113 F 49 49.3 10.8 19.3 2.7 Control
38 F 64 49.4 9.9 20.1 2.6 Control

212 F 68 49.9 12.1 21.1 3.1 Control
95 F 74 50.1 9.3 18.8 2.5 Control

104 F 46 50.8 15.9 23.5 4.4 Control
178 F 65 53.7 10.0 18.6 2.6 Control
44 F 63 56.8 13.4 20.4 3.5 Control

148 F 89 10.2 5.9 17.8 1.3 H-normal
255 F 72 12.4 8.3 21.1 2.3 H-normal
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Table 1 (Continued)

ID number Gender Age at time of
blood draw

Tail length Tail DNA Comet distributed
moment

Olive tail
moment

Groupa

122 F 77 19.9 6.1 18.4 1.5 H-normal
185 F 89 21.3 8.4 22.2 2.4 H-normal
269 F 78 21.6 6.2 20.1 1.5 H-normal
67 F 71 26.4 8.5 21.2 2.3 H-normal
2 F 70 26.5 6.3 17.4 1.4 H-normal

141 F 78 26.8 10.3 21.5 2.5 H-normal
215 F 72 28.1 7.6 18.8 1.9 H-normal
133 F 70 28.4 8.1 20.8 2.1 H-normal
45 F 75 30.9 7.4 17.6 1.8 H-normal

149 F 70 31.1 8.1 18.4 1.9 H-normal
251 F 71 31.5 9.4 22.9 2.4 H-normal
150 F 85 31.6 6.4 17.6 1.6 H-normal
245 F 73 32.0 8.0 21.9 2.0 H-normal
180 F 81 33.5 6.8 17.0 1.5 H-normal
202 F 74 35.6 8.5 21.2 2.1 H-normal
107 F 70 40.1 12.3 22.8 3.1 H-normal
219 F 80 51.2 11.5 20.4 3.0 H-normal
119 F 79 51.9 9.3 18.7 2.4 H-normal
112 F 67 18.7 6.3 19.5 1.6 Breast plus
226 F 70 27.4 11.0 25.9 3.0 Breast plus
194 F 76 29.2 8.0 20.5 2.0 Breast plus
32 F 83 29.5 8.0 18.6 2.1 Breast plus

250 F 67 29.8 9.3 21.7 2.3 Breast plus
55 F 80 34.1 10.0 22.6 2.6 Breast plus

218 F 57 34.9 9.2 18.2 2.4 Breast plus
127 F 63 35.2 9.1 19.9 2.1 Breast plus
140 F 70 35.5 10.6 22.7 2.8 Breast plus
63 F 76 37.4 9.0 20.7 2.3 Breast plus

152 F 63 38.0 10.8 19.5 2.8 Breast plus
210 F 59 38.4 8.8 20.4 2.3 Breast plus
143 F 76 39.3 8.7 21.2 2.3 Breast plus
222 F 82 41.2 9.1 20.5 2.4 Breast plus
49 F 49 41.2 13.8 25.5 3.6 Breast plus

196 F 48 41.7 8.3 18.5 2.2 Breast plus
70 F 82 43.1 9.1 20.0 2.6 Breast plus

211 F 43 43.1 10.8 20.0 2.9 Breast plus
183 F 69 44.4 10.2 18.4 2.4 Breast plus
182 F 75 44.6 10.4 19.2 2.6 Breast plus
189 F 45 44.6 9.7 19.9 2.6 Breast plus
26 F 76 45.2 13.0 25.6 3.9 Breast plus

174 F 47 46.4 10.9 19.2 2.9 Breast plus
203 F 62 47.2 9.4 19.3 2.4 Breast plus
197 F 59 47.7 11.3 20.8 3.0 Breast plus
65 F 84 48.0 11.9 20.1 3.2 Breast plus

130 F 77 48.3 9.8 19.1 2.5 Breast plus
114 F 65 48.8 11.1 20.0 2.9 Breast plus
84 F 63 49.6 9.6 20.5 2.7 Breast plus

187 F 57 50.1 9.6 21.3 2.6 Breast plus
40 F 64 50.2 11.2 20.3 2.9 Breast plus

125 F 62 50.5 12.3 20.4 3.1 Breast plus
206 F 72 51.2 10.3 18.9 2.7 Breast plus
60 F 90 52.0 10.6 20.7 2.9 Breast plus
80 F 74 52.3 13.7 23.3 3.8 Breast plus
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Table 1 (Continued)

ID number Gender Age at time of
blood draw

Tail length Tail DNA Comet distributed
moment

Olive tail
moment

Groupa

53 F 65 52.5 10.1 19.6 2.7 Breast plus
236 F 58 52.9 9.7 18.9 2.7 Breast plus
21 F 49 53.0 9.1 19.4 2.5 Breast plus
76 F 48 56.9 12.5 21.3 3.4 Breast plus

262 F 65 57.4 13.1 20.8 3.4 Breast plus
94 F 70 57.7 12.8 22.1 3.7 Breast plus

171 F 65 64.8 8.6 19.1 2.3 Breast plus
167 F 48 28.8 7.5 17.8 1.8 Early onset
10 F 59 28.9 8.0 17.9 2.1 Early onset
14 F 67 31.1 7.3 18.9 1.8 Early onset
71 F 51 31.2 9.8 20.0 2.7 Early onset

153 F 58 31.9 8.9 18.3 2.4 Early onset
166 F 44 32.9 7.6 18.2 2.0 Early onset
77 F 64 33.1 8.3 18.2 2.1 Early onset

266 F 50 33.5 8.2 18.6 2.3 Early onset
164 F 62 33.8 8.1 18.5 2.1 Early onset
177 F 45 34.5 8.1 18.8 2.0 Early onset
200 F 49 34.7 8.9 18.2 2.3 Early onset
234 F 50 35.2 10.4 18.1 2.5 Early onset
83 F 47 37.2 7.4 16.8 1.9 Early onset

111 F 51 38.1 10.6 18.8 2.5 Early onset
28 F 42 39.7 8.7 18.8 2.3 Early onset
82 F 45 40.1 9.8 18.2 2.4 Early onset

274 F 57 40.5 9.2 18.5 2.3 Early onset
208 F 51 41.0 10.1 18.8 2.5 Early onset
254 F 48 41.8 10.6 20.2 2.7 Early onset
158 F 55 42.9 9.4 18.6 2.5 Early onset
169 F 45 44.5 9.3 20.0 2.7 Early onset

9 F 56 45.2 9.4 18.9 2.3 Early onset
237 F 49 45.8 10.2 18.9 2.5 Early onset
175 F 46 47.1 10.8 19.2 2.8 Early onset
173 F 70 48.4 9.9 18.6 2.7 Early onset
207 F 47 48.7 9.3 18.5 2.4 Early onset
252 F 60 48.8 10.1 18.7 2.6 Early onset
163 F 59 49.2 9.9 18.5 2.7 Early onset

8 F 49 50.4 10.0 19.4 2.9 Early onset
157 F 45 50.6 9.1 19.4 2.5 Early onset
267 F 55 50.7 11.9 20.7 3.3 Early onset
103 F 48 50.9 12.8 21.3 3.3 Early onset
264 F 59 51.8 10.2 20.2 2.9 Early onset
135 F 50 52.7 9.7 18.8 2.5 Early onset
191 F 67 53.3 9.5 23.0 2.8 Early onset
147 F 44 54.9 9.8 21.0 2.8 Early onset

6 F 46 55.9 10.2 19.7 2.8 Early onset
108 F 53 56.7 13.1 20.4 3.5 Early onset
51 F 53 26.8 7.6 18.0 1.8 Thyroid
75 F 42 29.9 7.0 16.2 1.4 Thyroid
46 F 53 30.7 7.2 17.9 1.7 Thyroid

256 F 49 32.9 7.7 18.0 2.0 Thyroid
272 F 48 33.1 8.0 17.6 1.7 Thyroid
105 F 54 33.2 6.9 17.7 1.6 Thyroid
17 F 63 34.1 8.7 18.7 2.4 Thyroid

271 F 52 34.5 8.6 19.6 2.0 Thyroid
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Table 1 (Continued)

ID number Gender Age at time of
blood draw

Tail length Tail DNA Comet distributed
moment

Olive tail
moment

Groupa

225 M 57 34.7 8.8 18.8 2.1 Thyroid
176 F 48 35.1 7.0 18.2 1.7 Thyroid
109 F 56 36.9 7.6 17.1 1.8 Thyroid
61 F 42 37.2 6.9 18.1 1.6 Thyroid

263 F 54 38.7 7.8 18.7 1.9 Thyroid
42 F 41 39.6 8.6 18.9 2.3 Thyroid

217 F 66 39.8 8.9 19.0 2.3 Thyroid
85 F 58 39.8 7.7 18.4 2.1 Thyroid

209 F 56 40.2 8.4 18.5 2.0 Thyroid
72 F 49 40.3 9.0 19.5 2.2 Thyroid

162 F 61 40.8 7.3 18.5 2.2 Thyroid
159 M 44 42.3 9.1 19.8 2.5 Thyroid
247 M 71 43.8 11.4 21.1 3.1 Thyroid

7 F 66 45.2 10.7 20.2 3.0 Thyroid
33 F 53 45.4 9.4 17.8 2.3 Thyroid
23 F 53 45.7 12.2 21.0 3.1 Thyroid
87 F 63 45.7 10.8 19.1 2.8 Thyroid
19 F 48 46.4 12.0 20.5 3.3 Thyroid

224 F 44 46.7 10.1 19.6 2.8 Thyroid
78 F 63 47.0 11.3 20.6 2.9 Thyroid

181 F 46 47.0 11.0 21.9 2.9 Thyroid
259 F 51 47.4 10.1 19.3 2.7 Thyroid
260 F 71 47.5 10.8 20.1 2.8 Thyroid
241 F 74 47.6 10.8 21.5 2.9 Thyroid
270 F 54 47.7 9.8 20.4 2.6 Thyroid
275 F 74 48.0 11.8 17.8 2.9 Thyroid
193 F 49 48.5 8.4 17.3 2.1 Thyroid

1 F 60 48.7 10.2 19.0 2.6 Thyroid
98 F 48 49.3 9.7 19.5 2.6 Thyroid

131 F 55 49.4 9.2 19.2 2.6 Thyroid
246 F 66 49.4 11.1 20.0 2.8 Thyroid
117 F 90 49.7 10.4 21.5 2.8 Thyroid
160 F 62 50.2 9.7 18.3 2.4 Thyroid
186 F 51 50.2 9.7 18.3 2.4 Thyroid
99 F 70 51.3 9.8 20.0 2.6 Thyroid

248 F 58 51.5 9.5 20.2 2.7 Thyroid
161 F 68 51.7 12.7 20.7 3.2 Thyroid
137 F 57 51.9 9.7 19.2 2.6 Thyroid
239 F 45 52.0 8.6 21.2 2.5 Thyroid
242 F 65 52.0 9.6 20.3 2.6 Thyroid
229 F 53 52.3 11.2 20.0 3.0 Thyroid
22 F 45 52.4 9.1 19.1 2.6 Thyroid
86 F 45 52.4 9.0 20.4 2.5 Thyroid

258 F 54 52.6 10.8 21.5 3.1 Thyroid
18 M 47 53.0 11.0 21.4 3.0 Thyroid
11 F 55 53.2 12.0 21.7 3.4 Thyroid

227 F 56 53.2 11.6 20.6 3.0 Thyroid
253 M 56 53.4 9.8 20.9 2.8 Thyroid
27 F 52 53.7 9.1 18.7 2.5 Thyroid
13 M 82 53.8 11.4 20.4 2.8 Thyroid
64 F 43 53.9 11.9 22.0 3.4 Thyroid
31 F 78 54.2 12.1 22.1 3.2 Thyroid
48 F 69 54.4 9.8 18.2 2.6 Thyroid
12 M 66 54.7 11.0 19.9 2.9 Thyroid
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Table 1 (Continued)

ID number Gender Age at time of
blood draw

Tail length Tail DNA Comet distributed
moment

Olive tail
moment

Groupa

73 F 60 55.4 11.7 20.0 3.0 Thyroid
37 M 51 55.7 11.0 19.0 2.8 Thyroid

220 F 54 56.3 12.9 20.3 3.2 Thyroid
30 F 54 56.7 10.4 20.5 2.9 Thyroid
66 M 69 60.5 10.5 20.2 2.9 Thyroid
41 F 50 61.7 14.5 20.4 3.7 Thyroid

A1 – – 32.9 7.7 18.0 2.0 Replicate
A1 – – 37.6 9.1 19.3 2.4 Replicate
B2 – – 40.2 8.4 18.5 2.0 Replicate
B2 – – 51.8 14.7 21.3 3.8 Replicate
C3 – – 46.9 8.2 18.9 2.2 Replicate
C3 – – 51.2 12.2 19.3 3.0 Replicate
D4 – – 52.1 10.3 19.3 2.7 Replicate
D4 – – 56.8 10.6 19.5 2.8 Replicate
E5 – – 51.3 9.8 20.0 2.6 Replicate
E5 – – 41.6 9.5 19.7 2.5 Replicate
R1 – – 41.0 10.1 18.8 2.5 Repeat
R1 – – 37.7 8.1 17.6 1.9 Repeat
R2 – – 43.6 9.8 18.2 2.4 Repeat
R2 – – 42.3 8.7 17.9 2.0 Repeat
R3 – – 39.8 8.1 18.5 2.1 Repeat
R3 – – 31.8 6.9 17.0 1.6 Repeat
R4 – – 41.8 10.6 20.2 2.8 Repeat
R4 – – 32.6 8.9 17.8 2.0 Repeat
R5 – – 39.3 9.2 19.5 2.4 Repeat
R5 – – 40.9 9.9 19.1 2.4 Repeat
R6 – – 36.0 9.9 18.8 2.5 Repeat
R6 – – 44.8 8.3 17.8 2.1 Repeat
R7 – – 34.2 10.0 22.6 2.6 Repeat
R7 – – 26.6 6.0 16.0 1.3 Repeat
R8 – – 29.6 8.0 18.6 2.1 Repeat
R8 – – 30.8 6.2 16.4 1.5 Repeat
R9 – – 36.0 9.3 20.0 2.1 Repeat
R9 – – 27.7 5.0 17.0 1.3 Repeat
R10 – – 46.9 9.1 20.0 2.6 Repeat
R10 – – 46.9 7.8 17.4 1.9 Repeat
R11 – – 52.0 10.6 20.7 2.9 Repeat
R11 – – 29.0 5.3 16.0 1.2 Repeat
R12 – – 49.6 9.6 20.5 2.7 Repeat
R12 – – 31.1 6.1 16.0 1.4 Repeat
R13 – – 50.5 12.3 20.4 3.1 Repeat
R13 – – 29.9 5.1 16.0 1.2 Repeat
R14 – – 51.9 10.8 21.5 2.9 Repeat
R14 – – 36.5 9.2 18.9 2.4 Repeat
R15 – – 51.5 9.5 20.2 2.7 Repeat
R15 – – 37.2 7.9 17.7 1.9 Repeat
R16 – – 53.0 9.1 19.4 2.5 Repeat
R16 – – 36.6 9.0 20.4 2.3 Repeat

a Group designations—control: cancer-free individuals; H-normal: hypernormal “controls”, were aged 70 or older at the time of blood
collection, had not reported a personal history of any cancer, and they had reported no invasive cancers in their first degree relatives at the time
of blood collection; Breast plus, personal history of breast cancer and other type(s) of invasive cancer; Early onset, diagnosed with breast cancer
aged 35 or younger; Thyroid, personal history of thyroid cancer; Replicate, five blinded replicate cell lines embedded in sample shipments;
Repeat, 16 samples repeated, blinded as to results of earlier assays.
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Table 2
Arithmetic means of the comet parameter tail length by selected characteristics of cancer case and control groups

Characteristic at time of
blood draw (1997–2003)

Control groups Case groups

Normal controls
(n= 49)

Hyper-normal controls
(n= 20)

Breast cancer and one or
more other cancers (n= 42)

Breast cancer diagnosed at
age 35 or younger (n= 38)

Thyroid cancer
(n= 68)

n Mean (S.E.a) n Mean (S.E.) n Mean (S.E.) n Mean (S.E.) n Mean (S.E.)

Age in years
40–49 10 33.0 (4.0) 0 NAb 7 46.7 (2.3) 17 43.4 (2.0) 18 44.0 (1.9)
50–59 9 33.0 (3.4) 0 NA 5 44.8 (3.5) 15 42.0 (2.3) 27 46.4 (1.8)
60–69 14 37.1 (3.3) 0 NA 13 45.2 (3.4) 5 40.0 (4.6) 15 48.6 (1.8)
70–79 9 36.2 (2.9) 15 29.5 (2.3) 11 42.6 (2.9) 1 48.4 (–c) 6 48.7 (1.5)
80 or older 7 34.7 (2.6) 5 29.6 (6.8) 6 41.3 (3.4) 0 NA 2 51.7 (2.1)

Gender
Femaled 49 35.0 (1.5) 25 29.5 (2.3) 42 44.2 (1.5) 38 42.5 (1.4) 59 46.1 (1.0)
Malee 0 NA 0 NA 0 NA 0 NA 9 50.2 (2.7)

Years between diagnosis of the first cancer and blood collection
0–9 0 NA 0 NA 7 49.0 (2.4) 2 47.3 (7.6) 27 44.4 (1.7)
10–19 0 NA 0 NA 13 40.1 (2.9) 19 42.6 (1.9) 17 46.4 (2.1)
20–29 0 NA 0 NA 12 42.9 (2.3) 11 41.1 (2.7) 11 49.6 (2.0)
30 or more years 0 NA 0 NA 10 47.5 (3.2) 6 43.3 (3.7) 13 49.0 (1.4)

Number of breast cancers reported in first degree relatives
None 41 34.0 (1.6) 20 29.5 (2.3) 35 44.4 (1.6) 25 42.5 (1.9) 55 46.5 (1.1)
One 7 37.8 (3.4) 0 NA 5 42.9 (4.5) 10 42.3 (2.3) 12 46.8 (2.0)
Two or more 1 56.8 (–) 0 NA 2 42.2 (2.9) 3 43.5 (3.8) 1 53.4 (–)

Reported radiation treatment for cancer (not including131Iodine; missing data not included)
No 0 NA 0 NA 26 44.6 (2.0) 23 43.1 (1.7) 52 46.5 (1.2)
Yes 0 NA 0 NA 14 43.3 (2.0) 14 41.1 (2.4) 14 48.0 (1.7)

a S.E., standard error.
b NA, not applicable.
c Cell contained only one value, standard error cannot be computed.
d The differences in tail length means were borderline significantly different between controls and hypernormal controls (p= 0.052), the means for all the case groups differed

significantly from the mean for normal controls (p≤ 0.001).
e The difference in male and female mean tail length was not statistically significant (p= 0.15).



A.J. Sigurdson et al. / Mutation Research 586 (2005) 173–188 183

Fig. 1. Boxplots* of comet tail DNA, tail length, comet distributed moment and Olive tail moment among cases and controls†, U.S. Radiologic
Technologist Study. [* Each boxplot represents the geometric means of the respective comet parameter of 100 cells for each individual within case
or control group. The boxplots display the median (thick line), interquartile range (lower and upper box borders), the 5th and 95th percentiles
(error bars), and extreme individual values (o).†Case and control groups are: normal controls,n= 49; Breast plus (breast cancer and other cancer),
n= 42; Early onset (breast cancer diagnosed at age≤35 years),n= 38; thyroid cancer,n= 68; hyper-normal controls (selected as long-lived,
cancer-free, no cancer reported in first-degree relatives at blood collection),n= 20.] ‡The mean for the indicated group is significantly different
from the mean in controls (p< 0.05).§The mean for the indicated group is borderline significantly different from the mean in controls (p= 0.052).
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Table 3
Associations between comet parameters and the case groups of breast and other cancer, early-onset breast cancer (diagnosed aged 35 or younger),
thyroid cancer, and hyper-normal controls, among U.S. Radiologic Technologists

Case group and comet parametera Number of normal controls Number of cases Adjusted odds ratiosb P for trendc

OR 95% CI

Breast and other cancer
Tail DNA

1 24 16 1.0 Referent
2 13 9 1.3 0.4–4.0
3 12 17 3.0 1.0–8.8d 0.047

Tail length
1 24 5 1.0 Referent
2 13 13 4.4 1.2–15.6
3 12 24 10.1 3.0–34.6 <0.001

CDM
1 24 12 1.0 Referent
2 13 13 1.7 0.6–5.0
3 12 17 2.5 0.9–7.0 0.085

OTM
1 24 14 1.0 Referent
2 13 11 1.7 0.6–5.0
3 12 17 3.1 1.1–9.1 0.035

Early-onset breast cancer
Tail DNA

1 24 19 1.0 Referent
2 13 13 0.8 0.3–2.3
3 12 6 0.4 0.1–1.2 (0.113)e

Tail length
1 24 7 1.0 Referent
2 13 13 4.0 1.2–13.5
3 12 18 4.7 1.5–14.8 0.010

CDM
1 24 28 1.0 Referent
2 13 6 0.4 0.1–1.4
3 12 4 0.3 0.1–1.1 (0.048)

OTM
1 24 16 1.0 Referent
2 13 13 1.3 0.4–3.9
3 12 9 0.8 0.3–2.5 (0.77)

Thyroid Cancer
Tail DNA

1 24 29 1.0 Referent
2 13 14 0.8 0.3–2.1
3 12 25 1.6 0.6–3.9 0.37

Tail length
1 24 6 1.0 Referent
2 13 15 6.1 1.8–21.3
3 12 47 19.1 5.9–61.8 <0.001
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Table 3 (Continued)

Case group and comet parametera Number of normal controls Number of cases Adjusted odds ratiosb P for trendc

OR 95% CI

CDM
1 24 32 1.0 Referent
2 13 19 1.3 0.5–3.2
3 12 17 1.2 0.5–3.2 0.64

OTM
1 24 23 1.0 Referent
2 13 15 1.2 0.4–3.1
3 12 30 2.6 1.1–6.6 0.040

“Hyper-normal” controlsf

Tail DNA
1 24 17 1.0 Referent
2 13 1 0.2 0.0–1.5
3 12 2 0.4 0.1–2.6 (0.07)

Tail length
1 24 15 1.0 Referent
2 13 3 0.3 0.1–1.2
3 12 2 0.3 0.1–1.5 (0.06)

CDM
1 24 9 1.0 Referent
2 13 2 0.3 0.0–1.7
3 12 9 2.2 0.6–9.0 0.57

OTM
1 24 16 1.0 Referent
2 13 2 0.3 0.1–1.6
3 12 2 0.4 0.1–2.3 (0.18)

a Comet parameters were divided into three categories at the median and 75th percentile of the control distribution. These cut-points were:
tail DNA (%), 9.6 and 10.5; tail length (�m), 33.3 and 44.0; comet distributed moment (CDM; arbitrary units), 19.5 and 20.5; Olive tail moment
(OTM; arbitrary units), 2.44 and 2.75.

b Adjusted for age at the time of blood collection using three categories: 40–54, 55–74, and 75 years or older.
c p for trend adjusted for age and based on the continuous underlying variable.
d Confidence interval excludes 1.0,P< 0.05.
e Parentheses indicate a negative beta coefficient for the trend test (negative slope).
f “Hypernormal” controls were aged 70 or older at the time of blood collection, had not reported a personal history of cancer (we also excluded

those with non-melanoma skin cancer), and they had reported no invasive cancers in their family at the time of blood collection.

length among the normal controls, the hyper-normal
controls, and the breast and other cancer cases.

We present age-adjusted odds ratios (OR) and 95%
confidence intervals (CI) for cancer risk in relation-
ship to comet parameter categories inTable 3, with
cancer cases and hyper-normal controls compared to
normal controls. As the values of the comet parame-
ters increased, indicating increasing endogenous SSB
and alkali-labile DNA damage in the cells, the risks
for breast and other cancer and thyroid cancer gen-
erally also increased. Longer tail length was con-

sistently associated with increased cancer risk, with
ORs of 10.1, 4.7, and 19.1 associated with val-
ues ≥75th percentile versus below the median for
the breast and other cancer, early-onset breast can-
cer, and thyroid cancer groups, respectively, with
wide confidence intervals. Risk for early-onset breast
cancer was inversely associated with tail DNA and
CDM, and was not related to OTM. The hyper-
normal controls were at or below the median of
the normal controls for all comet parameters except
CDM.
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4. Discussion

We found a generally consistent association of
increased endogenous DNA damage, or more specifi-
cally, a reduced capacity to limit endogenous damage,
and increased cancer risk. This association was most
strongly indicated by higher values of the comet param-
eter tail length. Risk of breast and other cancer and
thyroid cancer also increased with increased tail DNA
and OTM or only OTM, respectively. In addition, we
found suggestive evidence in three of the four comet
parameters evaluated that lower levels of DNA dam-
age were associated with being long-lived, cancer-free,
and without a history of cancer among first degree
relatives, supporting the notion of a graded capac-
ity to control endogenous DNA damage. We consider
detecting evidence of such a continuum unique because
hospital- or clinic-based studies seldom possess a well-
characterized cohort from which to select individuals
with defined characteristics, such as longevity and first
degree relatives who are cancer-free. It is likely the
hyper-normal individuals were also relatively free of
co-morbidities, as they were able to visit their doctor
or clinic with a study venipuncture kit and mail the
kit successfully. This suggests the hyper-normal par-
ticipants were probably the “healthiest” and the best
group for detecting such a continuum, if it exists.

Comet tail length showed the strongest positive
association with cancer risk among the four DNA dam-
age parameters evaluated. The tail length parameter
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radiation treatment, and reproductive history. This is
consistent with other investigations[7,8,21,22]. The
lymphoblastoid cell lines provided an infinite supply
of cycling cells that can be used for additional assays
in the future, in which damage levels are expected
to reflect endogenous processes of DNA metabolism
and are unlikely to reflect occupational, diet or other
lifestyle variables. One cannot rule out the possibility
t that
m

cted
c l via-
b hat
t met
v ines
n y to
“ rve
u the
a

ific
n ells
( e
k and
c . As
t are
i .S.
ncreases with increased density of abasic sites
trand breaks due to higher mobility of regions
NA. That tail length was optimal for discrimina

ng among groups suggests that a better understa
f the mechanistic significance of comet parame
nd underlying biology is needed. There are few s

es comparing multiple comet parameters, and m
reat cells with high doses of a damaging agent suc
onizing radiation that induces uniformally distribut
amage. It is not known whether the lower respo
f tail length versus tail moment and tail DNA
amage induced up to 4 Gy[19] is an appropriate re
rence for studies of endogenous damage, that is
uantitatively lower and qualitatively different due
referential repair in transcribed regions of the geno
ur observations suggest tail length may be a sen

ndicator of low levels of inhomogeneously distribu
nrepaired damage. It is appropriate to note, that o
hat the transformed cells have acquired properties
ay affect relevance to normal tissues.
We evaluated several factors that could have affe

omet measures in systematic ways, such as cel
ility, storage time, etc. We did not find evidence t

hese factors introduced predictable variation in co
alues. However, we did not randomly assay the l
or did we assess “batch” effects. The closest prox
batch” was “cell scoring date”, and we did not obse
ndue systematic variation over calendar time in
ggregate or by case or control groups.

In the future, studies of the level and spec
ature of oxidative damage in unchallenged c
as by Collins et al.[23,24]) would provide valuabl
nowledge about the variation among individuals,
ontribute to development of hypotheses to test
he environmental risk factors for these cancers
dentified in case-control studies of the parent U



A.J. Sigurdson et al. / Mutation Research 586 (2005) 173–188 187

Radiologic Technologist cohort, challenge assays that
measure the formation and repair of damage from
exposure to related model mutagens, such as ionizing
radiation or BPDE, may be appropriate[3].

Results of the comet assay, performed on un-
challenged cells, may represent an individual’s capac-
ity to limit endogenous damage and its associated
health consequences. This hypothesis is supported by
several other studies in which higher background comet
assay results were related to increased risk for cancer at
different sites[7–9]. A corollary is that being cancer-
free at advanced age might be associated with main-
taining lower levels of endogenous damage. Analyses
of such hyper-normal individuals have been limited
generally because laboratory, clinical or hospital stud-
ies infrequently have a population base from which to
select a hyper-normal group. However, enriching sam-
ple selection by various subject attributes may become
more common as this design may offer gains in study
power (reviewed in[25]). The ability to explore such
concepts is a strength of the large U.S. Radiologic Tech-
nologist cohort utilized in this study.

In summary, we present results that indicate
increased endogenous DNA damage may increase risk
for multiple cancers (that include breast cancer) and
thyroid cancer. Our conclusions are strengthened by
the observation that decreased endogenous DNA dam-
age was suggestively associated with being long-lived,
cancer-free, and without a history of cancer in first
degree relatives. Together these results indicate a con-
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